Three different strains of pseudorabies (Aujeszky's disease) virus were inoculated into ligated closed loops in the jejunum and ileum of five specific-pathogen-free pigs. Infected areas were compared with respect to distribution of histologic lesions and pseudorabies virus antigen. Two wild-type strains of pseudorabies virus produced enteric lesions consisting of necrosis of the subepithelial macrophages in the basilar crypt epithelium, necrosis of the lymphoid follicles in the Peyer's patches, degeneration of the epithelial cells in the crypt and villi, degeneration of the neuronal cells in the myenteric plexuses, and formation of intranuclear inclusion bodies on postinoculation days 2-4. Pseudorabies virus antigen was initially detected in subepithelial macrophages of the dome of Peyer's patches on postinoculation day 2 and subsequently extended to superficial epithelium and deeper into the lymphoid follicles and myenteric plexuses on postinoculation days 3-4. Many pseudorabies virus particles were also detected in the center of their necrotic foci. However, 1 mutant strain (ara-T-resistant) of pseudorabies virus did not produce enteric lesions. The results suggest that the primary target of infection by wild-type strains of pseudorabies virus might be the macrophages distributed in the subepithelial area of the dome Peyer's patches.
Pseudorabies (Aujeszky's disease) is an acute and naturally fatal condition of pigs caused by swine herpesvirus. Pseudorabies virus (PRV) is neurotropic in nature and spreads from a peripheral viral replication site to the central nervous system (CNS), producing nonsuppurative encephalitis. 8, 9, 12, [18] [19] [20] Lesions caused by PRV infection outside the CNS in pigs have been reported. 15 One mutant (ara-T-resistant) strain of PRV was also pathogenic in swine tracheal organ cultures and produced extensive pneumonia in intranasally infected gnotobiotic piglets. 11, 13, 14 Some wild strains of PRV have produced necrotic lesions in the gastrointestinal tract and myenteric plexuses. 5, 16 However, there is little information how PRV crosses the barrier of the intestinal lining and produces the intestinal lesions.
In the present study, ligated closed loops in the jejunum and ileum of pigs inoculated with 3 different strains of PRV were examined. The purpose of this study was to describe the pathogenesis of enteric lesions caused by PRV infection.
Materials and methods
Animals. Five specific-pathogen-free 6-wk-old (11-12 kg body weight) pigs were used. The animals had no neutralizing antibody against PRV.
Virus. Three strains of PRV, Yamagata S-81 (YS-81), ara-T-resistant (YS-81TR), 11, 13 and Tochigi-94 (TC-94), 5 were used. Two wild-type strains of PRV, YS-81 isolated from the brain and tonsils and TC-94 isolated from the small intestine of piglets clinically affected with pseudorabies, were passaged 5 times in porcine kidney (PK-15) cell culture. The YS-81TR strain was passaged in PK-15 cell cultures containing 200 g of thymidine analogue 1-␤-D arabino-furanosyl-thymine (ara-T) per milliliter. Infected cell fluids were maintained at Ϫ80 C and used for inocula.
Experimental procedure. Pigs were premedicated with 1.0 mg xylazine/kg body weight given intramuscularly and then anesthetized with 10 mg pentobarbital/kg of body weight given intravenously. Laparotomy along the linea alba was performed. In the small intestine of 5 pigs, 4 20-cm-long loops were tied off twice in the middle part of the jejunum and 4 were tied off twice in the distal portion near the ileocecal junction. Three loops in each pig were injected with 4 ml of 10 6.0 plaque-forming units/ml of the YS-81, YS-81TR, or TC-94 strains of PRV, and the 4th loop was injected with 4 ml of noninfected growth culture medium as the control. The abdomen was closed after injection.
The pigs were housed in different rooms and kept at 30 C, and the air from each block was exhausted through highefficiency sterilizing filters. The pigs were allowed free access to water, were fed milk, and were injected subcutaneously with 200 ml of Ringer's solution containing glucose daily. During the experiment, all pigs were observed at least 3 times daily for clinical signs. After the surgery and inoculation, the pigs remained clinically normal. The pigs were euthanized by intravenous injection of pentobarbital sodium on postinoculation days (PIDs) 1, 2, 3, or 4. One pig died on PID 4.
Specimen examination. Specimens including 5 longitudial sections of each jejunum and ileum were fixed in 10% neutral buffered formalin, embedded in paraffin, and cut into thin sections. The sections were stained with hematoxylin and eosin (HE). PRV antigen was demonstrated by the avidin-biotin complex (ABC) immunoperoxidase (IP) method. a Anti-PRV, anti-transmissible gastroenteritis virus (TGEV), anti-porcine rotavirus, anti-porcine epidemic diarrhea virus (PEDV), and anti-hemoagglutinating encephalomyelitis virus (HEV) rabbit sera b were used as primary antibody at a dilution of 1: 2,048, 1:1,024, 1:1,024, 1:1,024, and 1:2,048, respectively. After deparaffinization, endogenous peroxidase activity was blocked by treatment with 0.3% H 2 O 2 in absolute methanol. The sections were then incubated in turn with normal goat serum, primary antibody, biotnylated goat anti-rabbit IgG, ABC reagent, and 0.03% 3,3-diaminobenzidine tetrahydrochloride and 0.1% H 2 O 2 in Tris buffer, pH 7.6. Sections were counterstained with methyl green. Tissue sections from the control intestine and serum from a nonimmunized rabbit were used as negative controls.
Small samples of the jejunum and ileum taken from the mucosa were fixed in 2.5% glutaraldehyde for 2 hr and 1% osmium tetroxide for 1 hr, dehydrated in alcohol, and embedded in epoxy. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope.
Results
Light microscopy. The jejunal and ileal specimens inoculated with noninfected growth culture medium and the YS-81TR strain of PRV had no histologic lesions during the experimental period. Both of the wild strains of PRV, YS-81 and TC-94, produced karyorrhetic necrotic foci in the basilar crypt epithelium, Peyer's patches, and Meissner's and Auerbach's plexuses by PID 2-4 ( Table 1) .
On PID 2, the villus epithelium was unchanged, but small necrotic foci of subepithelial macrophages were found in the basilar crypt epithelium of the jejunum (Fig. 1) but not in the ileum. Necrotic foci in the ileum were closely associated with the domes of Peyer's patches, and marked karyorrhexis was regularly observed within them. On PID 3-4, the necrotic foci were more prominent in the dome (Fig. 2) and extended into the lymphoid follicles in Peyer's patches in the jejunum and ileum (Fig. 3) . Some crypt and villi epithelial cells exhibited degeneration and desquamation. The nuclei of these affected epithelial cells contained a few eosinophilic intranuclear inclusion bodies. Necrotic foci were also found in the myenteric plexuses and were characterized as neuronal cell degeneration in Auerbach's and Meissner's plexuses in the jejunum and ileum. The nuclei of the degenerating neuronal cells usually were basophilic and had intranuclear inclusion bodies (Fig. 4) . These changes were also found in the dead pig. No histologic lesions were observed in any of the control closed loop sections or in other tissues such as brain, spinal cord, solar ganglia, and tonsil.
Immunohistochemistry. PRV antigen was observed from PID 2 to PID 4 in the intestinal specimens that were inoculated with 2 wild strains of PRV (YS-81, TC-94) but not in intestines inoculated with YS-81TR or in the noninfected control ( Table 1 ). The distribu-tion of the PRV antigen was closely associated with the necrotic foci.
On PID 2, PRV antigen was detected first in subepithelial macrophages of the basilar crypt epithelium in the jejunum but not in the ileum. The PRV antigen was associated with the dome of Peyer's patches (Fig.  5 ). On PIDs 3 and 4, the distribution of PRV antigen had expanded to degenerating crypt and villi epithelial cells and deeper into the lymphoid follicles in Peyer's patches (Figs. 6, 7) . PRV antigen was observed in degenerating neuronal cells of Meissner's and Auerbach's plexuses in the jejunum and ileum (Fig. 8) . No other viral antigens (TGEV, porcine rotavirus, PEDV, HEV) were detected by immunohistochemistry in any of the infected and control closed loop sections.
Electron microscopy. Coincident with the results of the light microscopy and immunohistochemistry, necrotic foci were observed in the subepithelial areas, which were occupied by a large number of degenerating cells, unidentifiable cell debris, and a small number of leukocytes ( Fig. 9) . Some degenerating and necrotic cells also were found within the crypt lumen. Many enveloped virus particles were detected in the center of these necrotic areas. The nuclei of degenerating cells contained a few naked capsids. Some capsids were arranged in clusters, scattered either singly or in small groups. Small numbers of virus particles were detected in the intercellular space of the degenerating epithelial cells on PID 4 ( Fig. 10) but not on PID 2. No virus particles were found in the intestine inoculated with YS-81TR or the noninfected medium. No viral particles other than PRV were observed in the infected and noninfected control closed loop sections.
Discussion
Many viruses such as TGEV, 17 porcine rotavirus, 10 and PEDV 4 produce shortened villi in the small intestine, and some strains of PRV 5, 16 and HEV 1 also produce necrosis in the myenteric plexuses of the gastrointestinal tract. In the present study, 2 wild-type strains of PRV (YS-81, TC-94) produced necrotizing enteritis with myenteric ganglionitis in ligated closed loops of the jejunum and ileum, but the ara-T-resistant strain of PRV (YS-81TR) produced intestinal lesions that were much different from those caused by TGEV, porcine rotavirus, PEDV, and HEV infections in pigs. 1, 4, 10, 17 However, degeneration of myenteric plexuses in the jejunum and ileum closely resembled those observed in naturally and experimentally infected pigs. 5, 16 On PIDs 2-4, the 2 wild-type strains of PRV produced characteristic lesions in the jejunum and ileum consisting necrosis of subepithelial macrophages in the basilar crypt epithelium, necrosis of lymphoid follicles in the Peyer's patches, degeneration of epithelial cells in the crypt and villi, degeneration of the neuronal cells in the myenteric plexuses, and formation of intranuclear inclusion bodies. The initial change was the necrosis of the subepithelial macrophages in the basilar crypt epithelium on PID 2. After that, the lesions were extended to superficial epithelium and deeper into the lymphoid tissue in Peyer's patches. Many enveloped herpesvirus (PRV) particles were noted in the center of the necrotic foci. Some degenerating crypt epithelial cells also had a small number of PRV particles in the intercellular spaces and inside the cell. No other viral antigens and particles, such as TGEV, PEDV, HEV, and porcine rotavirus, were detected in the ligated closed loop sections. Therefore, the necrosis of the subepithelial macrophages in the basilar crypt epithelium was considered to be due to the direct cytopathic effect of PRV multiplication. This pathologic finding was not detected in the naturally infected piglets, 5 but it closely resembled the tonsillar changes observed in pigs orally infected with PRV. 15 The myenteric plexus is innervated by parasympathetic nerves originating from the vagus nerve and ultimately the brain stem. After intraperitoneal and cu-taneous inoculation in mice, herpes simplex virus spreads to the brain stem via the vagus nerve after replication in the myenteric plexus of the gut. 7, 22 PRV antigen was also demonstrated in the myenteric plexuses in naturally and experimentally infected piglets. 5, 16 In the present study, ligated, closed intestinal loops had PRV antigen in the degenerating neuronal cells in Meissner's and Auerbach's plexuses following the necrotizing enteritis. Lesions were not detected in the solar ganglia, which suggests that PRV replication in subepithelial macrophages might lead to penetration into the myenteric plexuses of the small intestine.
Numerous experimental and clinical observations have pointed to Peyer's patches as sites of localization of microbes, including both viruses (polio, coxsackie, reovirus) and bacteria (Salmonella enteritides, Salmonella typhi, Mycobacterium tuberculosis). 2, 3, 8, 21, 23 M cells transport protein antigens and infectious microorganisms across the intestinal mucosal epithelial barrier within 0.5-1 hour after virus inoculation and deliver them directly to mononuclear cells of the Peyer's patches. 21, 23 The immunohistochemistry results revealed that PRV antigen appeared first in the subepithelial macrophages in the dome Peyer's patches. Later, PRV antigens were detected deeper in the lymphoid follicles in Peyer's patches and in superficial epithelium. Their localization was closely associated with the distribution of M cells. This information suggests that the primary target of infection by wild-type strains of PRV might be the macrophages distributed in the subepithelial area of the dome Peyer's patches. Subsequently, PRV might gain access to the lymphoid tissue and penetrate into the myenteric plexuses. Further studies are needed to determine why the ara-T-resistant strain of PRV does not produce similar enteric lesions, in spite of having pathogenic effects on the respiratory tract epithelium.
